The preparation and characterization of laterally substituted 4-alkoxy-stilbazoles, 4-alkoxy-benzoic acids, and 4-alkoxy phenols and hydrogen bonded heterodimeric mixtures of these compounds are reported. Lateral substitution has a minimal effect on the ring electronics of 4-alkoxy benzoic acids and 4-alkoxy phenols; however the ring electronics of stilbazole units is extremely sensitive to lateral substitution. While lateral substitution is an effective technique for lowering the melting points of both hydrogen bonded complexes and their individual components, its effect on the electronics of stilbazoles and steric disruption of both intermolecular hydrogen bonding and molecular packing in the solid state disrupts the formation of liquid crystalline phases in both the individual components and hydrogen bonded complexes.
Introduction
Substituent effects play important roles in a variety of physical phenomena including thermal properties [1] , nuclear magnetic resonance shifts [2] , and the position of UV absorption bands [3] . Substituents also affect reaction rates and selectivity in a variety of reactions including nucleophilic substitutions and eliminations [4] , electrophilic aromatic substitution [5] [6] [7] [8] , diels-alder reactions [9] [10] [11] [12] , and organometallic reactions [13] [14] [15] [16] [17] . Substituents are also known to affect the acidities of carboxylic acids [18] [19] [20] [21] and phenols [22] [23] [24] [25] [26] ; thus, hydrogen bonding is very sensitive to substituent effects [27] [28] [29] [30] [31] [32] .
Our research focuses on noncentrosymmetric main chain hydrogen bonded polymers in which monomer units spontaneously self-assemble (via hydrogen bonding) into polymer chain [33] [34] [35] [36] [37] [38] [39] . The inherent order in the liquid crystalline phase can aid in polar alignment of these polymers; therefore we are interested in inducing LC phases in our polymers [40] . We have previously synthesized several noncentrosymmetric main chain hydrogen bonded polymers ( Table 1 and Scheme 1) which incorporate carboxylic acids hydrogen bond donors and stilbazole hydrogen bond acceptors yet have no lateral substituents [33, 35] . Unfortunately these polymers have high melting points and low solubilities in organic media, and only one (polymer 5) has a liquid crystalline phase.
Our strategy to lower the melting points, increase solubility, and induce liquid crystallinity in our polymers involves lateral substitution [41] [42] [43] [44] [45] [46] . As discussed previously, hydrogen bonding is sensitive to the nature substituents; therefore it is important to study the effect of lateral substitution on the electronics in the donor and acceptor units of our polymers. Unfortunately, all of our laterally substituted polymers Figure 1 ) [36] had poor solubilities in organic solvents and diffuse reflectance UV spectra of the polymers had broad peaks (due to Rayleigh scattering [45] ) which yielded little useful information.
To circumvent these solubility issues, a series of model compounds ( Figure 2 ) were prepared which mimic the electronics and hydrogen bonding in our polymers. In this paper, we report the synthesis and characterization (electronics and phase transitions) of a series of laterally substituted stilbazoles, benzoic acids, phenols, and hydrogen bonded complexes of these compounds.
Experimental Section
2.1. Materials. All chemicals were purchased from Fisher, Acros, or Aldrich chemical company and used as received. Chromatography was performed using Sorbent Technology 60 Angstrom, 63-200 m mesh silica (10940-25). Thin layer chromatography was performed using Whatman flexible plates with 250 m layer of fluorescent silica gel (UV 254 ) or EM Science glass TLC plates (60 F 265 ). All final products were dried at appropriate temperatures below their melting or decomposition temperatures in a Napco E-series 5831 vacuum oven prior to analysis.
Procedure for Making Hydrogen Bonded Heterodimers.
50-100 mg of one component was weighed into a vial and the appropriate amount of the second component (to obtain a 1 : 1 mol : mol ratio) was weighted into the same vial. The vial was immersed in a silicon oil bath (150 ∘ C) until the contents of the vial were visibly melted. The vial was quickly removed from the oil bath and allowed to cool to room temperature during which time the mixture crystallized. This melt/crystallize procedure was repeated two additional times and the resulting solid was analyzed. performed using an Olympus BXP polarizing microscope equipped with an Instec HCS400 heating stage. Heating and cooling rates varied between 1 and 5 ∘ C/min.
Molecular Modeling.
Molecular modeling was performed using Hyperchem 7.0. Geometry optimization was performed at the PM3 level. All calculations were performed in vacuo with the following termination condition: RMS gradient = 0.01 kcal/mol.
Experimental Procedures for Synthesizing Model Compounds
4-Decyloxy-2-methyl-benzoic Acid (2) . This compound was synthesized in two steps. First 4-hydroxy-2-methyl-benzoic acid (0.403 g, 2.41 mmol), K 2 CO 3 (1.015 g, 8.00 mmol), decylbromide (1.4 mL, 6.36 mmol), NaI (94 mg, 0.63 mmol), and dry DMF (20 mL) were combined in an oven-dried round bottomed flask equipped with a condenser and argon purge; this mixture was heated to 120 ∘ C for 18 hours and then cooled to room temperature. Water (100 mL) was added and the resulting solution was extracted with EtOAc (3 × 10 mL). The combined organic layers were washed with brine (2 × 50 mL) and dried over MgSO 4 . The crude product was purified via column chromatography (80/20 Hex/EtOAc). Evaporation of the solvent afforded 0.577 g (76%) of methyl-4-decyloxy-2methyl-benzoate as an impure yellow oil, which was used without further purification: = 0.53 (90/10 Hex/EtOAc); 1 H NMR (300 MHz, CDCl 3 ) 0.88 (t, J = 6.38 Hz, 3H), 1.27 (m, 14H), 1.81 (m, 2H), 2.59 (s, 3H), 3.85 (s, 3H), 3 .98 (t, J = 6.36 Hz, 2H), 6.74 (m, 2H), and 7.92 (d, J = 9.66 Hz, 1H). Crude methyl-4-decyloxy-2-methyl-benzoate (0.577 g, 1.87 mmol), THF (30 mL), MeOH (30 mL), 5 N NaOH (50 mL), and KOH (2.023 g, 36.7 mmol) were combined in a round bottomed flask equipped with a condenser; this solution was refluxed for 40 hours and then cooled to room temperature. The solution was neutralized using 50% HCl and then extracted with EtOAc (5 × 50 mL). The combined organic layers were washed with brine (2 × 50 mL) and dried over MgSO 4 . The crude product was purified via column chromatography using graduated elutions from 90/10 to 70/30 (Hex/EtOAc). Evaporation of the solvent afforded 0.316 g (57%) of 2 as a white solid: = 0.52 (70/30 Hex/EtOAc); 1 H NMR (300 MHz, CDCl 3 ) 0.88 (t, J = 6.38 Hz, 3H), 1.27 (m, 14H), 1.77 (m, 2H), 2.63 (s, 3H), 4.00 (t, J = 6.53 Hz, 2H), 6.76 (m, 2H), and 8.04 (d, J = 9.47 Hz, 1H); 13 (3) . This compound was synthesized in two steps. First, 4-bromo-2,6dimethylphenol (1.004 g, 5.0 mmol), K 2 CO 3 (1.524 g, 11.0 mmol), decylbromide (1.1 mL, 5.3 mmol), NaI (94 mg, 0.6 mmol), and dry DMF (20 mL) were combined in an oven-dried round bottomed flask equipped with a condenser and argon purge; this mixture was heated to 120 ∘ C for 18 hours and then cooled to room temperature. Water (100 mL) was added and the solution was extracted with EtOAc (3 × 10 mL). The combined organic extracts were washed with 4 Journal of Materials brine (2 × 50 mL) and dried over MgSO 4 . The crude product was purified via column chromatography. Evaporation of the solvent afforded 1.291 g (76%) of 4-decyloxy-2,6-dimethylbromobenzene as an impure yellow oil, which was used without further purification: = 0.80 (95/5 Hex/EtOAc); 1 H NMR (300 MHz, CDCl 3 ) 0.88 (t, J = 6.41 Hz, 3H), 1.27 (m, 14H), 1.75 (t, J = 6.87 Hz, 2H), 2.37 (s, 6H), 3.89 (t, J = 6.89 Hz, 2H), and 6.64 (s, 2H). Magnesium turnings (0.32 g, 13.2 mmol) were placed in a round bottomed flask equipped with a condenser and argon purge; the flask was flame-dried and cooled to room temperature under argon. Dry Et 2 O (10 mL) was added to the flask and then a solution of crude 4-decyloxy-2,6-dimethyl-bromobenzene (1.291 g, 3.8 mmol) in dry Et 2 O (10 mL) was added to the flask via syringe; this solution was refluxed for 5 hours. The solution was then cooled to room temperature and CO 2 was bubbled through the solution (via cannulus) for 1.5 hours; the solution was poured into saturated NH 4 Cl (200 mL) and the solution was stirred until the magnesium was consumed. The solution was extracted with EtOAc (5 × 20 mL) and the combined organic layers were washed with brine (2 × 50 mL) and dried over MgSO 4 . The crude product was purified via column chromatography using graduated elutions from 90/10 to 70/30 (Hex/EtOAc). Evaporation of the solvent afforded 0.561 g (48%) of 3 as a white solid: = 0.49 (70/30 Hex/EtOAc); 1 H NMR (300 MHz, CDCl 3 ) 0.88 (t, J = 6.75 Hz, 3H), 1.27 (m, 14H), 1.77 (t, J = 6.48 Hz, 2H), 2.44 (s, 6H), 3.95 (t, J = 6.40 Hz, 2H), and 6.59 (s, 2H); 13 (4) . The synthesis of this compound has been reported in the literature [47] . (5) . This compound was synthesized in two steps. First, of 2-(4-hydroxy-2,3-dimethylphenoxy)-tetrahydropyran (1.225 g, 5.5 mmol), K 2 CO 3 (2.058 g, 14.9 mmol), decylbromide (1.2 mL, 5.75 mmol), NaI (63 mg, 0.42 mmol), and dry DMF (20 mL) were combined in an oven-dried round bottomed flask equipped with a condenser and argon purge; this mixture was heated to 120 ∘ C for 2 hrs and then cooled to room temperature. Water (100 mL) was added and the solution was extracted with EtOAc (2 × 50 mL). The combined organic layers were washed with brine (2 × 50 mL) and dried over MgSO 4 . The crude product was purified via column chromatography using graduated elutions from neat hexanes to 90/10 (Hex/EtOAc). Evaporation of the solvent afforded 780 mg (39%) of 2-(4decyloxy-2,3-dimethyl-phenoxy)-tetrahydropyran as an impure yellow oil: (6) . This compound was synthesized in two steps. First, 4-methyl-pyridine (16.115 g, 173.4 mmol), 4-hydroxy-benzaldehyde (17.964 g, 147.2 mmol), and acetic anhydride (40 mL) were combined in an oven-dried round bottomed flask equipped with a condenser and an argon purge. The resulting mixture was heated to 120 ∘ C for 48 hours. The solution was cooled to room temperature, 5 N NaOH (200 mL) was added, and the solution was stirred at room temperature overnight. The solution was neutralized with 10% HCl. Vacuum filtration afforded 6. , and dry DMF (20 mL) were combined in an oven-dried round bottomed flask equipped with a condenser and an argon purge; this mixture was heated to 120 ∘ C for 18 hours and then cooled to room temperature. Water (100 mL) was added and the solution was extracted with EtOAc (5 × 100 mL). The combined organic layers were washed with brine and dried over MgSO 4 . The crude product was purified via column chromatography using elutions from 60/40 to 50/50 (Hex/EtOAc). Evaporation of the solvent afforded a yellow solid, which was recrystallized twice from hexanes to afford 0.902 g (35%) of 6 as a pale yellow solid: = 0.37 (50/50 Hex/EtOAc); 1 H NMR (300 MHz, CDCl 3 ) 0.88 (t, J = 6.36, 3H), 1.27 (m, 14H), 1.79 (t, J = 6.83, 2H), 3.98 (t, J = 6.92, 2H), 6 (7) . This compound was synthesized in two steps. First, 2-methoxy-4-(2-pyridin-4-yl-vinyl)-phenol was synthesized in 50% yield from 4-methyl-pyridine (22 mL, 226 mmol), vanillin (9.993 g, 65.7 mmol), and acetic anhydride (30 mL) using the procedure described in the synthesis of 4- (8) . This compound was synthesized in two steps. First, 2,4dihydroxybenzaldehyde (5.033 g, 36.4 mmol), K 2 CO 3 (15.238 g, 110.3 mmol), decylbromide (21.0 mL, 102.5 mmol), and dry DMF (40 mL) were combined in an oven-dried round bottomed flask equipped with a condenser and argon purge; this mixture was heated to 120 ∘ C overnight and then cooled to room temperature. Water (100 mL) was added and the solution was extracted with EtOAc (5 × 50 mL). The combined organic layers were washed with brine and dried over MgSO 4 . The crude product was purified via column chromatography using graduated elutions from neat hexanes to 95/5 (Hex/EtOAc). Evaporation of the solvent afforded 13.426 g (89%) of 2,4-bis-decyloxy-benzaldehyde as an impure orange oil, which was used without further purification: (9) . This compound was synthesized in two steps. First, 4-(2-pyridin-4-yl-propenyl)-phenol was synthesized in 58% yield from 4ethyl-pyridine (2 mL, 18.5 mmol), 4-hydroxy-benzaldehyde (1.800 g, 14.7 mmol), and acetic acid (10 mL) using procedure described in the synthesis of 4-(2-pyridin-4-yl-vinyl)-phenol: /e 211 (196, 182, 105,  and 77 ). The title compound was synthesized from 4-(2pyridin-4-yl-propenyl)-phenol (1.231 g, 5.8 mmol), K 2 CO 3 (2.000 g, 14.5 mmol), and decylbromide (1.45 mL, 6.9 mmol) using the procedure described in the synthesis of 9. Column chromatography was performed using graduated elutions from 80/20 to 50/50 (Hex/EtOAc); evaporation of the solvent afforded an impure yellow solid. The solid so obtained was recrystallized (twice) from 95/5 hexane/toluene to afford 0.778 g (40%) of compound 9 as a tan solid: 
4-Decyloxy-2,6-dimethyl-benzoic Acid

4-Decyloxy-phenol
4-Decyloxy-2,3-dimethyl-phenol
4-[2-(4-Decyloxy-phenyl)-vinyl]-pyridine
4-[2-(4-Decyloxy-3-methoxy-phenyl)-vinyl]-pyridine
4-[2-(2,4-Bis-decyloxy-phenyl)-vinyl]-pyridine
4-[2-(4-Decyloxy-phenyl)-1-methyl-vinyl]-pyridine
=
Results and Discussion
Effect of Lateral Substitution on the Electronics of Model
Compounds. UV/VIS spectra of acids 1-3 are shown in Figure 3 . The max of 2 is similar to that of 3 indicating that placing a single methyl group ortho to the acid functionality does not significantly alter the electronics of the molecule. Placing two methyl groups ortho to the acid functionality, however, significantly alters the electronics of the molecule as evident by the blue shift of the max of 3 relative to 1 and 2. Molecular modeling (Figure 4) indicates that the C=O and benzene rings in acids 1 and 2 are nearly coplanar with torsion angles of 2.6 × 10 −5 and 1.5 × 10 −6 degrees, respectively, while the C=O in compound 3 has a torsion angle of 27.8 degrees with respect to the benzene ring. The torsion angle in compound 3 is similar to literature values for the torsion angles of 2,6-dimethylbenzoic acids [48] [49] [50] [51] .
The UV-VIS spectra of phenols 4 and 5 are shown in Figure 5 . The max values for these phenols are nearly identical suggesting that methyl lateral substituents have a minimal effect on the electronics of phenols. Molecular modeling ( Figure 6 ) confirms that the O-H and benzene ring in 4 and 5 are nearly coplanar with torsion angles of 0.2 and 1.1 ∘ , respectively.
UV-VIS spectra of stilbazoles 6-9 are shown in Figure 7 . The red shifts of the max of compounds 7 and 8 relative to that of 6 can be attributed to additional electron density donated to the rings from the additional alkoxy substituents per Dewar's rules [52] . The max of 9 is significantly blue shifted with respect to that of compounds 6-8 suggesting less electron delocalization in 9 relative to 6-8. Molecular modeling (Figure 8) indicates that the pyridine, alkene, and benzene rings in stilbazoles 6-8 are coplanar while the methyl group on the alkene of stilbazole 9 causes ring twisting with a torsion angle of 28 ∘ between the pyridine and benzene ring.
Lateral Substitution Effects on Phase
Transitions. The phase transitions of compounds 1-9 are shown in Figure 9 .
Placing a methyl group ortho to the acid functionality on compound 1 (i.e., compound 2) results in a significant melting point depression and the loss of the smectic liquid crystalline (LC) phases present in 1 [53] [54] [55] . Molecular modeling ( Figure 10 bond length = 1.7674Å) indicating that the bond weakening in 2 is a steric effect from the ortho methyl group. While placing two ortho methyl groups on compound 1 (i.e., compound 3) does not result in significant additional melting point depression (relative to 2), it significantly weakens the intermolecular head-to-head hydrogen bond (calculated hydrogen bond length = 1.7769Å) and disrupts molecular packing in the homodimer resulting in loss of all LC phases. Intermolecular head-to-head hydrogen bonding in phenols is much weaker than in acids; therefore, the melting points of phenols 4 and 5 are unaffected by the addition of methyl lateral substituents. While stilbazole 6 has a smectic B LC phase, placing lateral substituents on the stilbazole results in complete loss of LC phases due to disruption of molecular packing in the LC state.
Using FTIR, we have previously demonstrated that, when mixed together, our model compounds participate in strong intermolecular donor-acceptor hydrogen bonding forming hydrogen bonded heterodimers [36] . The phase transitions model mixture B, in contrast to the observations for acid homodimers 2 and 3, suggesting the two ortho methyl groups significantly disrupt molecular packing in model mixture C. Despite the similar geometries of compounds 6 and 7, mixtures D and E (which incorporate 7) phase separate and do not have any LC phases indicating the molecular packing, and intermolecular donor-acceptor hydrogen bonding is sensitive to the methoxy substituent on the stilbazole. Model mixtures F and G form glass upon cooling which can be attributed to poor packing of molecules in the solid state as a result of the extra decyloxy substituent. Despite the inhibition of packing by the extra decyloxy substituent, the melting point of model mixture G is much lower than that of F suggesting that the ortho methyl substituent plays a significant role in disruption of molecular packing in mixture G. Like mixtures D and E, stilbazole 9 containing mixtures H and I does not contain any LC phase which can be attributed to disruption of intermolecular donor-acceptor hydrogen bonding and packing in the solid state due to stilbazole ring twisting. The melting points of model mixtures H and I are identical, suggesting the disruption in packing is almost entirely the result of stilbazole ring twisting. Lateral substitution on the phenol ring in mixture K results in a significant melting point depression (relative to J); however, unlike mixture A, the weaker phenol-stilbazole hydrogen bond [56, 57] in mixture J cannot form the rigid mesogenic core required to form a calamatic hydrogen bonded liquid crystal. Lateral substitution still disrupts intermolecular donor-acceptor hydrogen bonding in mixture K, resulting in a significant melting point depression relative to that in mixture J.
Conclusions
The preparation and characterization of a series of laterally substituted benzoic acids, phenols, and stilbazoles are reported. Placing two methyl groups ortho to the acid functionality in benzoic acid molecules twists the C=O out of the plane of the benzene ring and thus reduces conjugation between the benzene ring and C=O. While the electronics of phenol rings is not sensitive to methyl lateral substation, the electronics of the stilbazole unit is very sensitive to lateral substation. The differences in the melting point and phase transitions upon lateral substitution are due to steric effects on the intermolecular hydrogen bonding and packing of molecules in the solid state. While lateral substitution lowers the melting point of the model compounds, in most cases, the lateral substituent results in the loss of LC phases. 
